Resource recovery from faecal sludge can take many forms, including as a fuel, soil amendment, building material, protein, animal fodder, and water for irrigation. Resource recovery as a solid fuel has been found to have high market potential in Sub-Saharan Africa. Laboratory-and pilot-scale research on faecal sludge solid fuel production exists, but it is unclear which technology option is most suitable in which conditions. This review offers an overview and critical analysis of the current state of technologies that can produce a dried or carbonized solid fuel, including drying, pelletizing, hydrothermal carbonization, and slow-pyrolysis. Carbonization alters fuel properties, and in faecal sludge, it concentrates the ash content and decreases the calorific value. Overall, a non-carbonized faecal sludge fuel is recommended, unless a carbonized product is specifically required by the combustion technology or end user. Carbonized and non-carbonized fuels have distinct characteristics, and deciding whether to char or not to char is a key judgement in determining the optimal solid fuel technology option. Based on the existing evidence, this review provides a decisionmaking structure for selecting the optimal technology to produce a faecal sludge solid fuel and identifies the top research needs prior to full-scale implementation.
INTRODUCTION
Faecal sludge accumulates in onsite sanitation technologies and is not transported through a sewer. It is the liquid, slurry or semi-solid matter that results from the combination of excreta, flush water, anal cleansing material, and other substances that are stored inside onsite sanitation technologies such as septic tanks and pit latrines (Strande et al. ) .
Onsite sanitation is an appropriate solution to fulfil sanitation needs, with appropriate management of the entire service chain. Currently, 1.8 billion people globally rely on faecal sludge management for their sanitation needs (Berendes et al. ). The majority of faecal sludge is not safely managed or adequately treated, and ends up in the immediate urban environment, posing a severe risk to human and environmental health (Peal et al. ) .
Valorization of end products from faecal sludge can serve as an incentive for appropriate faecal sludge management (Diener et al. ) . Revenues from resource recovery could partially offset operation costs, incentivize proper operation and maintenance, and stimulate regular emptying and delivery of faecal sludge to treatment plants. There are various forms of treatment end products for the recovery of resources from faecal sludge. Soil conditioners, compost, and effluent for irrigation are well-established end products (Diener et al. ) . Other possibilities that are starting to be implemented include the production of animal feed (from black soldier fly larvae or fodder crops), incorporation in building materials, and energy in the form of fuel, electricity or heat, but limited information is available for implementation. The type and form of resource recovery should always meet local conditions and user acceptance, and whenever possible, should be decided early in the planning process, so that appropriate treatment objectives can be set to ensure public health (Reymond ) . A market-driven assessment can help to inform which end product is most marketable in the specific location (Andriessen et al. ) .
Research indicates that there is a high demand for solid fuels in urban areas of Sub-Saharan Africa, especially from manufacturing industries (e.g. brick and cement industries) (Diener et al. ) .
Wood and waste biomass (e.g. coffee husk, rice husk, and sawdust) are conventionally used as a solid fuel in many industries in low-and middle-income countries.
Solid fuel products can be either in carbonized or non-carbonized forms. Carbonization is often used to convert dried biomass (e.g. wood) into a fuel that more closely resembles coal, and can improve the energy density (calorific value) of the fuel. Wastewater sludge is also used as a fuel in co-combustion with coal or other solid fuels in industrial setups, both in carbonized and dried form (Werther & Ogada ; Fytili & Zabaniotou ) . Alternatively, it is incinerated, with or without energy recovery (Werther & Ogada ) . As faecal sludge management has only been acknowledged as a sustainable solution within the last 30 years (USEPA ), resource recovery and treatment research lag behind research on centralized wastewater treatment. Full-scale implementations are quite limited; however, there is a growing body of work on faecal sludge fuels, based on laboratory-and pilot-scale research. Possible solid fuel products include dried fuels and char fuels in powder, pellet, or briquette form.
This review presents relevant laboratory-and pilot-scale studies on the production of solid fuels from faecal sludge in order to evaluate what is working, to make recommendations for practitioners, and to identify areas for future research. The article first defines the range of possible input faecal sludge characteristics and output end products and discusses what factors influence the selection of fuel type, and technical aspects of technologies to produce faecal sludge solid fuels. Afterwards, a critical comparison of technologies and guidelines to select appropriate technology and solid fuel end product is presented based on their required inputs, technical complexity, energy requirement, land area, and environmental impact.
TECHNOLOGY INPUTS AND OUTPUTS
This review covers faecal sludge that has been dewatered to at least 20% dry solids (ds) and to solid fuel end products that are at least 90% ds. Twenty percent ds was selected as the starting point, because although faecal sludge is typically <6% ds when it is emptied from onsite containments, technologies such as drying beds that dewater to 20% ds are relatively standard (Strande et al. ) . Following dewatering to 20% ds, further removal of moisture requires drying, removing bound water in the faecal sludge via evaporation.
As illustrated in Figure 1 , the technologies that can produce solid fuels require varying levels of dewatered or dried faecal sludge as input material. In this review, unplanted drying beds, which passively dry faecal sludge to 90% ds to produce a dried fuel for direct combustion, are considered as the 'baseline' option, to which other technology options are compared. To produce pellets, conventional pelletizers that use binders require approximately 70% ds (Nikiema et al. ) , the Bioburn pelletizer 30-60% ds (Turyasiima et al. ) , and the LaDePa process 20-30% ds ( 
CONSIDERATIONS FOR EVALUATING FAECAL SLUDGE FUELS
A market assessment should always be conducted as a first step to determine the most appropriate resource recovery product in the local context. If it becomes evident that potential customers have an insurmountable aversion towards using faecal sludge as fuel, another type of resource recovery product should be considered. Once a market demand study has identified that solid fuels are the desired end product, it is important to determine which type of solid fuel will best meet demand and specific needs of consumers. Specifically, fuel quality and form should be compatible with the desired end use.
Solid fuels are composed of ds and moisture. The ds consist of combustible material and incombustible ash. The energy density contained within the fuel is reported as calorific value, the heat produced during complete combustion of a specific mass of dry fuel. Only the combustible material contributes positively to the energy density of fuel; generally, the higher the ash fraction in fuel, the lower its calorific value. Standard metrics for solid fuel quality assessment fractionate combustible material into volatile However, even when resource recovery efforts are concentrated at centralized treatment facilities, faecal sludge fuel production volume alone may not be able to fulfil the demand of large industrial customers (Ward et al. ) .
For example, fuel demand from cement manufacturers in Dakar and Kampala is 4-40 times higher than the volume of treated faecal sludge in these cities (Gold et al. ) .
Potentially, large-scale demand could also help stimulate the entire faecal sludge management service chain. Co-management with other organic waste streams can increase the volume and quality of faecal sludge fuels produced (Ward et al. ; Hafford et al. ) . However, candidate waste streams for co-processing must be critically evaluated, as frequently they are already used. Proper co-management should not dilute high-value fuels with faecal sludge, but instead combine low-value or valueless waste streams to create a more useable end product, for example, by briquetting previously unused and difficult to transport powdered wastes with dewatered faecal sludge (Palmer et al. ) .
The suitability of co-management will depend on the availability and properties of organic waste streams.
TECHNOLOGY OPTIONS
Once the qualities of the input faecal sludge (calorific value, ash, and available volumes) and intended end use (a type of end user and consequent requirements for form and output dryness) have been identified, available technologies that meet these requirements can be assessed. In this section, technologies are divided into those producing non-carbonized and carbonized fuels. For each group of technologies, typical end product fuel qualities are presented, followed by a detailed overview of each technology.
Non-carbonized fuel
Dried faecal sludge is directly combustible. Summarized in Table 1 are fuel characteristics of dried faecal sludge and faeces reported in the literature. Murray Muspratt et al.
() were the first to report the calorific value of faecal sludge for use as a solid fuel. They observed the calorific value of faecal sludge to be fairly consistent across cities; however, subsequent studies have observed more variations (Table 1 ). In general, the calorific value of faecal sludge is comparable to that of anaerobically digested wastewater sludge, which could be explained by partial digestion during storage in containment. The ash content is higher in faecal sludge than in wastewater sludge, which is likely due to the introduction of sand and soil during storage, collection, and treatment. The values reported in Table 1 show a lower calorific value for dried faecal sludge than for dried faeces. This is likely due to factors affecting the material during storage in the containment, such as the breakdown of energy-dense bonds in readily degradable organic material over time, and mixing with inert materials. Dried faecal sludge also has much higher variability than dried faeces in both calorific value and ash content, which could be explained by the aforementioned reasons, and the varying conditions in containments.
Dried faecal sludge performed comparably to common biomass fuels in pilot-scale industrial kiln trials (Gold et al. ) , although high-ash content may present problems for more complex combustion or gasification setups unless they are specifically designed to handle high-ash fuels 
Pelletizing technologies
Pelletization is the process of compressing biomass into pellets. Conventional pelletizing machines can be used for faecal sludge fuels and also in animal feed and compost pellet production. These compress the material to form a pellet and require binders to stick the biomass together.
Potential binders that have been reported to work with dried faecal sludge are cassava starch, beeswax, clay, lignosulfonates, and molasses (Nikiema et al. a) . Binders can affect the calorific value of pellets depending on the calorific value of the chosen binder and the amount used.
Optimum dryness required for conventional pelletizing is dependent on the type of binder and the type of sludge, and has been reported around 70% ds (Nikiema et al. ) .
Further drying of the pellets is then needed to reach 90% Table 2 . Char can be produced through two distinct processes, pyrolysis and HTC, which produce fuels with different characteristics. These processes are Dewatered faeces has also been demonstrated as a binder for char dust from other biomass sources to make briquettes (Palmer et al. ) .
Pyrolysis
Pyrolysis is the thermochemical treatment of biomass by heating to temperatures between 300 and 700 C in the absence (or near absence) of oxygen. Slow-pyrolysis, which employs heating rates from 1 to 10 C/min and residence times in the order of hours, is typically used when producing solid fuel, as it has higher char yields than pyrolysis processes with higher heating rates. In this article, the term pyrolysis refers to slow-pyrolysis. If the faecal sludge is not dry, the initial energy input will go toward volatilizing The upper-range values for ash content of char in Table 2 are all pyrolysed at higher (600) operating temperatures.
Therefore, it is important to keep tight control over temperature during operation (Gold et al. ) . A lower pyrolysis temperature (350 C) is recommended when producing char for use as a fuel is the objective (Gold et al. ) .
End product yield (the distribution of how much of which end product (char, tar or gases) is produced) is also affected by operating conditions. For optimal char yield, a low heating rate (slow-pyrolysis) and low temperatures are 
CRITICAL COMPARISON Comparison of technology options
Additional aspects of the technologies discussed above are compared in Table 3 Using binders can elevate costs, as some binders may be expensive or not locally available (Nikiema et al. a) .
Co-processing with other biowastes can improve the physical strength of pellets (Turyasiima et al. ) . The LaDePa process is an appropriate technology in places where thicker or dewatered sludge (20-35% ds) needs to be treated, or where a sanitized final product is required.
With that input, the machine pelletizes and dries sludge in 8 minutes, which, compared to passive drying on drying beds, increases capacity immensely. However, the energy requirements are much higher than drying or other pelletizers, so a constant energy supply needs to be ensured.
HTC operates under high pressure, meaning that proper operation and maintenance are necessary to ensure safe operation. Therefore, this technology option should only be considered for contexts where the operation is performed by appropriately trained personnel. Additionally, treatment for the liquid by-products needs to be ensured, which is also more likely to be feasible on a centralized scale.
Multiple variations on the process are currently in development, of which microwave heating reported the lowest energy consumption. The energy consumption of microwave HTC is 47-57% lower than HTC with an electric heating source (Afolabi & Sohail a) .
Pyrolysis of faecal sludge can reduce the sludge volume, but has a relatively high energy requirement. The quality of the fuel is not very high compared to other biomass fuels.
Pyrolysis could be relevant for faeces from container-based sanitation models where the faeces is collected in portable containers at the user level, and regularly transported to treatment by a designated collection service, but should not be pursued for faecal sludge.
A comparison of the environmental impact of pelletizing, carbonizing, and combining both processes to create fuel from passively dried faecal sludge has been performed by Egloff & Whett () . Their life cycle analysis results on global warming potential are summarized in Table 3 (in kg CO 2 equivalent/MJ end product). Compared to no processing (only drying on drying beds to 90% ds), pyrolysis increases greenhouse gas emissions by 733%, pelletizing by 46%, and the combination of the two processes by 938%.
The impact of pyrolysis on global warming potential has also been investigated by Houillon & Jolliet () , who evaluated the environmental impact of pyrolysis (among other processes) with sewage sludge. Production of fuel through pyrolysis seems to have a higher environmental impact than non-carbonized fuels. HTC could potentially reduce greenhouse gas emissions by reducing drying time (Escala et al. ) , which strongly affects greenhouse gas emissions (Houillon & Jolliet ; Escala et al. ) . For the purpose of this paper, calculations started at 20, but for these options, the starting point could be the dryness of the raw faecal sludge. 
Technology selection
In conclusion, as illustrated in Figure 2 , the selection of the fuel type will depend on: (1) the intended use of the fuel (e.g. combustion technology, user/handling requirements, and amount required); and (2) Typically, non-carbonized faecal sludge has a higher calorific value and lower ash content than pyrolysed sludge, which makes it distinct from other biomass. HTC, in contrast, produces hydrochar from faecal sludge with a higher calorific value than dry sludge. However, operational requirements do not make it a safe option in many situations. In cases where the desired end product should be compatible with coal or charcoal combustion systems and the receiving combustion technology is capable of handling high-ash fuels, carbonization is an option. Char is preferred over dried biomass for co-combustion with coal when very high-temperature combustion processes are desired (e.g.
for steel or glass production), or when impurities in flue gas would be detrimental. In cement and brick kilns, cocombustion with dried biomass does not seem to pose a problem and is frequently practised (Zethraeus ) . The quality of char from sources that are relatively unstabilized and have low sand content (e.g. faeces, or faecal sludge sourced from container-based systems) will be better than char from faecal sludge that typically comes into treatment plants. In most other cases, non-carbonized fuel should be favoured, as it is easier and less energy-intensive to produce.
Pelletization or briquetting is compatible with a range of moisture contents and sludge properties, and can also be used for co-processing with waste biomass. Both make the end product fuel more robust for transportation to customers and could be applied when the receiving combustion technology is compatible with compressed fuel.
The guidelines presented in Figure 2 fit within a greater framework of technology selection. Before deciding on a solid fuel as a resource recovery product, a market assessment should be conducted. Available quantities and qualities of the input faecal sludge should be assessed and 
FUTURE RESEARCH NEEDS
To get faecal sludge fuels into practice as rapidly as possible, research should focus on upscaling of the presented technologies. For practitioners, this is currently the greatest need.
This includes extended pilot trials of different configurations of faecal sludge fuels in industrial kilns in collaboration with industries, optimization of reactor dynamics in larger reactors, and testing business models for resource recoveryoriented faecal sludge management. At the same time, researching ways to improve fuel quality or quantity can help to build a more robust and desirable product, targeted at the needs of potential customers. Suggestions include investigating the removal of sand at treatment facilities, investigating drying methods that do not increase sand content (e.g. alternatives to sand drying beds or methods to reduce sand transfer from drying beds), or optimizing operating conditions for improved fuel production.
CONCLUSIONS
The key considerations for the use of faecal sludge as a dry combustion fuel are as follows:
• The work summarized in this paper has only been conducted at a laboratory-or pilot-scale. It is promising for full-scale implementations, but requires more resources prior to scaling up.
• In comparison to simple combustion of dried faecal sludge, pyrolysis is not as beneficial based on fuel quality and environmental impact.
• All types of resource recovery options should be considered based on the local context, prior to selecting end use as a solid fuel.
• Industry is a promising end user of faecal sludge solid fuels, based on consistent, large-scale demand; preventing pathogen transmission during handling; and capacity for reduced emissions.
• Forms of solid fuel need to be selected to be compatible with existing combustion technologies.
• Governments could improve public health by putting rules and regulations in place that enable safe resource recovery (e.g. solid fuel production stimulating the treatment of faecal sludge). 
